Recent measurements of aerosol particles indicate the presence of a large optically absorbing component which can cause visibility degradation and climatic effects. The nature of this absorbing species has been investigated by a variety of modern methods of analysis, which has led to its identification on a microscopic level as graphitic (black) carbon fll. In our paper thismethodologywill be described and extended to the quantification of graphitic carbon and its absorption coefficient. New results from the Arctic will also be presented, which show the presence of graphitic carbon concentrations comparable to those found in urban environments. In Section I of this paper, the LBL laser transmission method will be described and compared to photoacoustic measurements [2] and measurements using the integrating plate method [3] . A theoretical model will be presented which gives physical insight into why these transmission methods selectively measure the absorbing properties of the aerosol and are insensitive to its scattering properties. In Section II the use of Raman spectroscopy to identify the optically absorbing species in urban particulates will be described. In Section III preliminary results using a thermal analysis technique [4] for quantifying the graphitic carbon content of the aerosol will be presented. Finally, in Section IV the methods of analysis described above will be applied to the characterization of the carbonaceous aerosol in the Arctic.
Introduction
Recent measurements of aerosol particles indicate the presence of a large optically absorbing component which can cause visibility degradation and climatic effects. The nature of this absorbing species has been investigated by a variety of modern methods of analysis, which has led to its identification on a microscopic level as graphitic (black) carbon fll. In our paper thismethodologywill be described and extended to the quantification of graphitic carbon and its absorption coefficient. New results from the Arctic will also be presented, which show the presence of graphitic carbon concentrations comparable to those found in urban environments. In Section I of this paper, the LBL laser transmission method will be described and compared to photoacoustic measurements [2] and measurements using the integrating plate method [3] . A theoretical model will be presented which gives physical insight into why these transmission methods selectively measure the absorbing properties of the aerosol and are insensitive to its scattering properties. In Section II the use of Raman spectroscopy to identify the optically absorbing species in urban particulates will be described. In Section III preliminary results using a thermal analysis technique [4] for quantifying the graphitic carbon content of the aerosol will be presented. Finally, in Section IV the methods of analysis described above will be applied to the characterization of the carbonaceous aerosol in the Arctic.
I. Determination of the Absorption Coefficient of Aerosol Particles by the Laser Transmission Method
The LBL laser transmission method is an extension of the integrating plate *This work was supported by the Biomedical and Environmental Research Division of the U.S. Department of Energy under contract No. W-7405-ENG-48 and by the National Science Foundation.
LBL-11677 technique [5] to certain other filter media (Millipore, quartz fiber, Teflon), which act as an efficient collection substrate as well as play the role of the opal glass as a diffuse scatterer. The laser transmission apparatus compares the transmission of a 633-nm He-Ne laser beam through a loaded filter relative to that of a blank filter (Fig. 1) . The loaded filters are placed in the beam with the loaded side towards the laser; after multiple scattering through the filter substrate, the light is collected by an f/1 lens and focused on a photomultiplier tube. The absorption coefficient, crab' is determined from the Beer-Lambert Law in a fashion similar to that outlined for the integrating plate method. This method measures the absorbing component of aerosol particles and is apparently insensitive to its scattering properties, as was demonstrated by a photoacoustic study [2] .
Unlike conventional optical absorption techniques, photoacoustic spectroscopy measures the energy deposited in a sample due to absorption. Since questions have been raised whether the LBL laser transmission method exclusively measures the absorbing rather than the scattering component of the aerosol, a comparison between photoacoustic and optical attenuation measurements made on the same aerosol sample should help resolve this ambiguity.
The photoacoustic measurements were made in an acoustically nonresonant detector with cylindrical geometry (Fig. 2) . A Knowles microphone (Model BT-1759) was used, and the cell dimensions were 2.1 em in diameter and 0.3 em in length. The gas in the detector cell was air at atmospheric pressure. An He-Ne laser operating at 632.8 nm with 0.5 mW of power was used as the light source, and the experiments were performed at a modulation frequency of 20 Hz.
The aerosol particles, collected on 1.2-~m Millipore filter substrates, were mounted on a 1.5-mm-thick Pyrex backing with the particles facing the incident light beam. Experiments were also performed with the laser beam first incident on the filter substrate.
LBL-11677
It is easy to show in the limit of low frequency light modulation [6] (~ 100 Hz) that the ratio of the photoacoustic signal to a reference sample for which the signal is saturated is given by:
This saturable behavior was observed for highly absorbing samples, and the sample which yielded the largest photoacoustic signal was used as the reference, Vsat' Note that such samples yield values of a~~ 3, as deduced from the optical attenuation measurements; hence the highest signal obtained from available samples is close to the actual saturation value.
The experimental setup for the optical attenuation measurements is described above. In this technique the signalS is defined as 1-exp(-x), op where x is the optical attenuation of the sample and is given by -In I/I 0 ,
where I is the transmitted intensity of a loaded filter and 1 0 is the transmitted intensity of a blank filter.
In Fig. 3 we present a plot of the normalized photoacoustic signal Sph vs. S for a wide range of ambient samples and samples collected directly op from combustion sources. The samples include urban particulates collected over a 24-hr period in Fremont and Anaheim, California; Denver, Colorado; and New York, New York; and particles collected in a highway tunnel and from an acetylene torch. The least squares fit of the experimental points yields a correlation coefficient r of 0.98 and a slope of 1.03, which would be expected if both techniques measure the same optical property of the aerosol particles.
Since the photoacoustic signal is proportional to the heat generated by absorption, we conclude that the optical-attenuation method measures the lightabsorbing component of the aerosol particles.
From a theoretical point of view, this result is somewhat surprising, since aerosol particles have a large scattering coefficient, which would be expected to contribute to the optical attenuation measurement and not to the photoacoustic signal. This is especially true where the absorbing component represents only a small fraction of the aerosol mass. In this paper a simple model calculation will be presented which explains these observations and points out the critical role of the filter substrate as an almost perfect diffuse reflector in the technique. Similar considerations may also apply to the opal glass method used by Weiss et al. [7] .
For this model calculation, we will assume that the particles and the filter media can be treated independently and consider the geometry shown in Since the optical attenuation technique only measures the forward scattering light, it would seem as if the backscattered light would be lost to the system and would contribute to the attenuation. However, the filter, in our method, is almost a perfect reflector. Under these circumstances, the backscattered light will be reflected in the forward direction and will again be incident on the particles. This process will continue until almost all the backscattered radiation is collected by the optics and therefore does not contribute to the optical attenuation. This result can be put in mathematical form, where I is the light detected by the collection optics and RF is the reflectivity of the substrate.
(1)
Consider several limits. Where RF ~ 0, which normally would be considered an ideal substrate, Eq. (1) reduces to Under these conditions the backscattered radiation will contribute significantly to the optical attenuation and make the technique unsuitable for exclusively measuring the absorbing properties of the aerosol. In our method, however, RF ~ 1 and Eq. (1) becomes Or the optical attenuation in the low loading limit is ATN = I 0 -I = From this expression it is clear that a nonabsorbing aerosol will make no contribution to the optical attenuation; this is consistent with our experimental results. The magnitude of the optical attenuation is somewhat dependent on the scattering properties of the aerosol; however, in the low loading limit, this effect is small. For example, if the substrate has 50% coverage, and if the scattering cross section of the particles, crs, is twice the particle area, then n 0 ~ 1. If 0 8 is about 20% of 0s (the maximum value measured by Charlson s s and his coworkers [8] ), then so that even for this rather high loading, the error in the absorption measurement due to scattering of the aerosol is only about 20%. This treatment should only be viewed as giving physical insight into the LBL method for determining absorption coefficients and clearly is approximate since it assumes that the scattering properties of the particles are not affected by the filter substrate and neglects the penetration of the particles into the substrate. Future analysis will try to evaluate the significance of these effects.
The LBL laser transmission method has been compared to the integrating plate technique [5] developed at the University of Washington. Five sampling sites in the western part of Washington state were used in this study, from a highly congested site in a highway tunnel to a very remote site on a western foothill in the Olympic Mountains. By sampling such diverse aerosol conditions, the range of absorption coefficients of the air samples was more than three A computer-controlled grating drive made by RKB, Inc., allows a given spectral region to be scanned many times and added to the memory of the multichannel analyzer, greatly improving the SNR. In order to minimize heating effects, the highly absorbing samples used in these experiments are rotated at 1800 rpm by a motor, which increases the area illuminated by the laser beam by a large factor with almost no loss in signal level. The focal spot of the laser is located approximately 5 mm below the axis of rotation so that the effective illuminated area is an annulus of 5-mm radius and 2-mm width, resulting in the These graphitic species are formed directly in combustion, and throughout the text we shall use the term graphitic soot to describe them.
Urban and combustion source particulates collected on various filter media have a grey or black appearance. The graphitic species identified by Raman spectroscopy are the most likely candidate for explaining this coloration.
To test this hypothesis, we have developed an optical absorption technique to measure quantitatively various properties of the absorbing species (see above).
Using this apparatus we have studied the temperature stability and solubility of the absorbing species in ambient and source particulate samples. Our results show that these species have high temperature stability [13] with only minimal oxidation up to 400°C and are essentially insoluble in a wide variety of solvents [7, 13] . We have also shown, using a spectrophotometer, that to within 20% over the visible spectral region, the optical attenuation has a 1/A wavelength dependence characteristic of a constant imaginary index of refraction [7, 13] .
All these results strongly suggest that the absorbing species in urban and Fig. 7 indicate that within experimental error there is a direct correspondence between the optical attenuation and the Raman intensity or graphitic soot content for all samples studied, despite widely different chemical compositions (e.g., for a given optical attenuation, the Pb and Fe concentrations vary by more than a factor of 100). The only reasonable explanation is that the optical attenuation is due to the graphitic soot content of the collected particulate.
In summary, we have shown that the species responsible for the high optical absorptivity of particulate samples has high temperature stability in air, is insoluble in a variety of solvents, and absorbs uniformly throughout the visible
We have also demonstrated that the amount of the absorbing species is directly proportional to the graphitic soot content as defined by Raman spectroscopy.
All these results taken together indicate that the high optical absorptivity of both ambient samples collected in urban environments and various source particulate samples is due to the graphitic component of the aerosol.
III. Determination of Graphitic or Black Carbon Content of Aerosols by Combining Thermal Analyses with Optical Absorption Measurements
Malissa has reported a method of analysis [14] for the carbonaceous component of atmospheric aerosol particulate material by evolved gas analysis during a temperature-programmed combustion in oxygen. We have extended this analysis by constructing an apparatus which simultaneously measures the optical transmission of the particulate matter collected on a filter. Since the optical absorptivity of this material has been shown to be due to a graphitic component [1] , this combination of analytical techniques may provide a direct determination of the light-absorbing fraction of the sample.
A schematic representation of the apparatus used in our analysis of carbonaceous material is shown in Fig. 8 . The particulate sample, collected on a prefired quartz filter, is placed in the quartz combustion tube so that its surface is perpendicular to the tube axis. The tube is supplied with purified oxygen, excess oxygen escaping through an axial opening at the end of the tube. Using this apparatus we have done a preliminary study of the relationship between the graphitic content of the aerosol and its optical absorption coeffi-
cient. A comparison of the room-temperature optical attenuation measurement
with the amount of carbon represented by the high temperature peak which appears concurrently with the decrease in the sample absorptivity is shown in test the generality of these results.
IV. Soot in the Arctic
Recent studies in the Arctic [15, 16] show the presence of large aerosol concentrations which significantly affect optical transfer through the atmosphere and lead to the phenomenon of Arctic haze, which was first reported by
Mitchell [17] . In particular, the observation of substantial concentrations of particulate sulfur and vanadium at the NOAA-GMCC sampling station near Barrow, Alaska, has attracted considerable attention [15, 16] . Questions have been raised as to the anthropogenic character, sources, and climatic impacts of these aerosols. In order to gain a better understanding of these issues, a study of the physical and chemical properties of the carbonaceous aerosol at Barrow was initiated in October 1979.
Recent studies of the urban aerosol indicate the presence of substantial graphitic carbon concentrations. These graphitic species -identified by a variety of modern analytical techniques (Raman spectroscopy [1] , photoacoustic spectroscopy [2] , thermal analysis [4] , etc.)-are very effective absorbers of visible radiation and are responsible for the high optical absorption coefficients which have recently been observed in urban air [3, 7] . The impacts of these highly absorbing particles on a regional or global scale have not been assessed so far, but they could be important, especially over regions with a high surface albedo like the polar icecaps. Furthermore, graphitic carbon can only be produced from combustion processes, and therefore it can offer a very attractive and convenient tracer for anthropogenic activity.
An aerosol sampler was constructed to collect parallel 47-mm quartz fiber and Millipore filter samples at a flow rate of~ 1.5 cfm. The sampler had two chambers -a lower chamber which contained the pumps and an upper chamber for collecting the aerosol samples. The upper chamber was warmed by several thermostatically controlled heatlamps, while temperature control in the lower chamber was achieved by using a thermostatically controlled fan and heatlamps. The exhaust of the pumps was vented below the sampling platform. To minimize local contamination, the aerosol sampler was controlled by a wind sensor which was built by the University of Rhode Island group [15] . This allowed samples to be collected only when the wind was from the clean air sector at Barrow, between 0° North and 130° Southeast. Results obtained with and without the wind controller suggest that there is no significant influence from local sources. Approximately 50 filter pairs have been collected at sampling time intervals ranging from 2 days to 1 week. The quartz filters were used to determine the total carbon content of the aerosol by a combustion method [18] , and the Millipore substrate was used to determine the optical absorption coefficient of the aerosol by the LBL laser transmission method. The absorption coefficients reported here are consistent with the optical constants of graphitic carbon and are expected to have an accuracy of better than a factor of 2.
The Millipore substrate was also analyzed by the X-ray fluorescence technique to determine the concentration of elements with Z > 11. The quartz blanks had a carbon loading of< .5 ~g/cm 2 , while typical filter deposits corresponded to 2 15 ~g/cm . Selected filters have been analyzed by Raman spectroscopy, thermal analysis, and solvent extraction techniques. The results of these analyses are described below.
Raman spectroscopy is a highly selective method of analysis which has been used to identify large concentrations of graphitic carbon in urban particulates [1] . This technique has been applied to the analysis of several samples collected at Barrow. The results are shown in Fig. 6 , where the spectrum of an Arctic sample collected in December 1979 is compared to that of urban particulates, various source emissions, and carbon black. All these spectra show -1 the presence of two intense Raman modes located at 1350 and 1600 em , which have been identified as being due to phonons propagating with graphitic planes [12] . This result shows that graphitic structures similar to carbon black and due to combustion processes are present in the Arctic aerosol. Furthermore, the large intensity in these modes indicates that, just as in urban samples, the graphitic structures represent a major component of the aerosol.
The filters collected at Barrow from fall through late spring have a grey or black appearance similar to that found for urban particulates. For the urban samples, this optically absorbing component has been identified as graphitic carbon [1] . Preliminary measurements on a limited number of samples show that the optically absorbing species in the Arctic has a 1/A wavelength dependence, is insoluble in a wide range of solvents, and has a high temperature stability with an oxidation threshold of approximately 500°C. These results are consistent with the properties of graphitic carbon and strongly suggest that indeed the optically absorbing species at Barrow is graphitic in nature.
The seasonal variation of the optical absorptivity (or graphitic carbon concentration) of the Barrow aerosol is shown in Fig. 13 . The absorption coefficient changes by more than an order of magnitude from mid-October to early January and remains at a relatively high level throughout most of February, March, and April. It decreases substantially in May. The magnitude of the absorption coefficient during the winter and spring is comparable to that found in urban environments (Table I ) (i.e., the peak values in February are only about a factor of 10 less than the average absorption coefficients in New York City and a factor of 3 less than those found in Berkeley, California, and Denver, Colorado). This absorption coefficient is large enough to produce significant optical effects. For example, an absorption coefficient of 5 x 10-6 -1 m extended over a pathlength of 10 km would produce an optical thickness of .05. This would be a large perturbation on the transfer of optical radiation through the atmosphere when the sun's irradiance is at a high level, as it is during part of these pollution episodes. In order to assess the importance of these effects, more detailed measurements of the seasonal variation in the optical properties (visible and infrared) and the vertical and horizontal extent of the aerosols need to be determined.
The pollution episodes observed at Barrow are not a local phenomenon but appear to be areawide with similar seasonal variations occurring at widely spaced sites across the Arctic [19, 20] . This is illustrated in Fig. 14, where Using the optical constants of graphitic carbon determined from our urban studies [21] , we can make an estimate of the graphitic carbon concentration at Barrow. These results are shown in Fig. 15 , where we plot the graphitic carbon concentration as a fraction of the total carbon content of the aerosol for various periods of time during the year. The results show a strong enrichment of the graphitic fraction of the carbonaceous aerosol from early to late winter.
The concentration of graphitic carbon in late February is almost 40% of the carbonaceous mass. Remarkably, this percentage is higher than that found in urban centers like New York City and Los Angeles [22] . After its peak in February, the fraction of graphitic carbon seems to level off to a value which is more typical of those found in urban environments. The interpretation of these intereating features in terms of transport, atmospheric chemistry, and deposition processes is complicated and will have to await more detailed analyses and further measurements.
In summary, these observations indicate that large graphitic concentrations can develop at remote locations. If one ignores the possible contribution of natural burning processes (e.g., forest fires), which are expected to be small during these times of the year in the northern hemisphere, this component can be attributed directly to the burning of fossil fuels. The source and the climatic effects of these highly absorbing species are uncertain and will have to await more systematic measurements and careful modelling. . . .,,.. ,__..
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